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|. Nitteberg 


The meeting covered two topics: 
5% Cost data for wind turbines in different countries. 
5. Methods of calculating wind energy cost. 


Under the first subject papers from Denmark, Germany, Swe de 
and the United States, were presented and discussed. Conics 
of the papers and/or overhead slides are enclosed. It was 
agreed that minutes of the meeting should mainly cover the 
second topic on methods. Under this part, two papers меге 


presented, one from UK and one from Norway. 


In the UK-paper by Mr. P.B. Simpson, a method based on mass 
analysis for comparison of wind turbines produced in differc 


countries was proposed. 


The discussion revealed general sceptisism to this method 
which probably is more suitable for products under developme 
and relatively far from a state of commercial maturity 
Although in principle simple, the mcthod could be both time 
consuming and difficult to apply if one try to go in too 


much detail on weights of complicated пасһіпсгу. 
Mr. J. Nitteberg presented a procedure for calculating "The 


Cost of Energy from WECS", carlier discussed and revised bv 


the IEA subgroup working on "Recommendcd Practices f 
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Wind Turbine Testing". The procedure is a modification of a 
Standard Method of Technology Characterization (SMTC) applied 
within the IEA Energy Technology Systems Analysis Project. 


The discussion was structured in a general part and a part 
covering details on the SMTC questionnaire. 


The general discussion started with а request on the objective 





of establishing a common method. The group felt that it is a 


problem that wind turbine performance and cost data are 


presented in different ways by different manufacturers, and 


that the methods of calculating energy cost varies from 
country to country. Therefore data are often difficult to 


apply for comparing different wind turbines. 


Although not perfect the SMTC may be useful in international 
comparisons. However, it is not complete enough and do not 
give enough information for a complete cost evaluation for 
the customer in each country. Nitteberg mentioned that in 
the final version,some warning remarks and a more detailed 
evaluation of different methods for calculating real costs 
taking into account real market situations conserning money 


as well as the influence of inflation, will be given. 


The discussion seemed to indicate that the SMTC probably 

will be used for several purposes. It was therefore proposed a 
Special item on the questionnaire to explain the objective 

of the presented cost evaluation. Some delegates wanted the 
questionnaire to be more specific on certain items important 


for wind energy. 


The questionnaire should be detailed enough to stand alone, 
even if it is a part of the paper on the performance testing 


procedure. 


One should also possibly try to improve the method as experi- 


ence from applications are gained. 


It was expressed as a general consensus that the effort to 


make comparisons of cost of energy from WECS should continue. 


During the discussion on details of the SMTC questionnaire 





the following items were treated: 


As part of the explanatary notes, give a complete set 
of formulaes and a prescription of calculations. 


Give more explisit data describing the assumed wind 


regime at the site. 
Put a note on the questionnaire that the definitions of 
parameters and instructions for calculations should be 


considered before filling in data. 


Require as a special item that the objective of the 


study and the method of collecting data be specified. 
Give annual mean wind speed at hub height. 
Give the hub height. 


Give the technical availability as well as the real 


availability taking into account the wind availability. 


Put in as a separate item,the efficiency loss due to 


array interference. 


Account for electrical losses in the internal grid and 


transformers. 
Give a more detailed explanation on construction time. 


Grid connection cost should be included ir Owner's 


cost. 


Allow for different interest rate on capital needed 
during the construction time and for calculating the 


annuity. 
Remove the item "decommissioning cost". 


Foundation cost should probably be accounted for under 


the construction cost and not under Owner's cost. 





Paul Nielsen 
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OF THE MINISTRY OF ENERGY 





AND THE ELECTRIC UTILITIES IN DENMARK 





FOR THE DEVELOPMENT OF 
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WIND ENERGY CONVERSION SYSTEMS 





WITH SPECIAL RESPECT TO 
COSTINGS FOR WIND TURBINES 





REFERENCE CHARACTERIZATION OF 





nain criterion for the turbine 
jns was that the turbines shall be 
ble of unattended operation, a 
irement which poses heavy de- 
Is on safety, reliability, and 
ndancy in the systens. 


The two Nibe turbines, 
front view and side view. 











Turbine 














Turbine B 
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TABLE 2. Main data for the Nibe turbines 
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Rotor type, turbine A: 3-olade, upwind rotor. 
4 discrete pitch angles, stall regulated. 
Rotor blades supported by stays. 


Rotor type, turbine B: 3-blade, upwind rotor. 
Full pitch control for power regulation. 


Rotor blades self-supporting (cantilever). 


Rotor diameter: H0 m 

Height to rotor hub: 45 m 

B'ade tip speed: 70 m/s 

Rotor speed: 34 r.p.m. 

Blade construction: Steel/fibre glass spar, fibre glass shell 
Blade airfoil: NACA 4412-4434, standard roughness 

Twist: 11? 

Cone angle: 6° 

Tilt angle: 6° 

Gear: Three-stage gear, ratio 1:45 


Generator: 4-ро!е, 6 kV asynchronous generator. Rated power 630 kW 


(500 W per m^ swept area). 


Control: Automatic via computer 

Yaw system: Hydraulic, speed appr. 0.4 deg/s. 

Electric power transfer from Nacelle: 3 single phased, twisting cables. 
Connection to grid: To 20 kV grid .via 6/20 kV, 630 kVA transformer. 
Tower: Concrete tower, height 41 m, low tuned. 

Weight of outer 12 m blade section: 900 kg 

Weight of rotor blade (turbine B): 3,500 kg 

Weight of nacelle and rotor blades: Appr. 80 tons. 

Cut-in wind speed: About 6 m/s 

Rated wind speed: About 13 m/s 

Cut-out wind speed: 25 m/s 

Estimated production: About 1.5 GWh per year per turbine. 
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NIBE WIND TURBINE A. 





AUGUST 1979: 
SEPTEMBER 1979: 
APRIL 1980: 


NOVEMBER 1980: 


DECEMBER 1981: 


FIRST ROTATION 
FIRST GRID-CONNECTION 
24 HOURS TEST RUN 


1000 HOURS INSPECTION 
(848 h, 152 MWh, MAX. 17 - 18 m/s) 


BACK ON THE GRID? 


(NEW STAYS HAVE BEEN 
DESIGNED AND INSTALLED) 


NIBE WIND TURBINE B. 





MAJ 1980: FIRST ROTATION 


AUGUST 1980: FIRST GRID-CONNECTION 


FEBRUARY 1981: 24 HOURS TEST RUN 


JUNE 1981: 1000 HOURS INSPECTION 
(946 h, 185 MWh, MAX. 18 m/s) 


JANUARY 1982: БАСК ON THE GRID? 


(NEW STEEL SPARS HAVE BEEN 
DESIGNED AND INSTALLED) 


(ANSI and ISO TEST CHART No 2) 


COMMISSIONING PROBLEMS. 





TURBINE A: SWITCHGEAR FAILURE 
FAILURES OF CONTROL VALVE 
LEAKRAGE OF HYDRAULIC SYSTEM 
TRANSDUCER FAILURES 
PROBLEMS WITH MICRO-COMPUTER 
ROTOR BLADE VIBRATIONS AT HIGH WIND SPEEDS 


TURBINE B: MODIFICATICN OF TURBINE A ALSO DONE ON TURBINE B. 
MICRO-COMPUTER REPROGRAMMED, BECAUSE DDC-CONTROL 
LOOP AND SEQUENCE CENTROL OPERATIONS INTERFERED. 


GENEREL: WAITING FOR SPECIFIC WIND CONDITIONS. 


ALLOCATION ON PROJECTS, 1977 - 1980: 





THE GEDSER TURBINE 


TWO NIBE TURBINES 


SITE SELECTION FOR TWO NEW WECS 


MEASUREMENTS ON THE NIBE TURBINES 
GENERAL SITE INVESTIGATION 


THEORETICAL ANALYSES AND STUDIES 
(AERODYNAMICS) 


COST REDUCTION STUDIES 


PROJECT COORDINATION, INFORMAT ION 
ACTIVITIES ETC. 


FINANCING PHASE 1 AND 2, 1977-80: 











TOTAL 








(1980: 1 JS $ = 5.63 d.kr.) 


- MINISTRY OF ENERGY 
- ELECTRIC UTILITIES 
- UNITED STATES DOE 
SUBTOTAL 


FINANCING EFP 80 AND EF? 81,1981-82: 

















- MINISTRY OF ENERGY 
- ELECTRIC UTILITIES 
SUBTOTAL 


GRAND TOTAL 


























TWO NIBE TURBINES (2 x 630 КИ): 





- PLANNING, DESIGNING, COMMI: 
- CONSTRUCTION, SITE, ERECTI 
- VALUT ADDED TAX (VAT), 15 
TOTAL IN CURRENT PRICES 


SPECIFIC PRICE RELATED TO kW: 





- CONSTRUETION ETC. IN CUUR 
- DEDUCTION OF RESEARCH ETC 
1978 PRICE LEVEL 
1980 PRICE LEVEL 


(INFLATION RATE APPR. 12% PER ` 


COST PER INSTALLED kW: 





(1980 
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SSIONING 
ON 
- 22% 


ENT PRICE 


YEAR) 


8 M kr. 
14 M kr. 
3 M kr. 
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25 М кг. 
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COST PROJECTIONS OF NIBE CONCEPT 





(COST PER INSTALLED kW, 1980 PRICES) 
1. PRESENT NIBE CONCEPT 

2. REDESIGNED NIBE CONCEPT 

3. SERIES PRODUCTION OF ITEM 2 

4. ITEM 3 WITH A 60 M ROTOR 


5. ITEM 3 WITH A 80 M ROTOR 


PERCENTAGES: 





7.35 M kr. 
0.61 M kr. 
0.31 M kr. 
1.08 M kr. 
0.32 M kr. 
3.39 M kr. 
0.13 M kr. 
0.15 M kr. 








-- -- -- -- -- — - — — — 


: 1 US $ = 5,63 d.kr.) 
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16.98 M kr. 








5.63 d.kr.) 
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THE MAIN SHAFT MADE SHORTER. THE GEARBOX MOVED. EASIER ACCESS TO THE 


HUB AND BEDPLATE MODIFIED TO REDUCE WEIGHT AND MAKE WELDING EASIER. 
NACELLE. 


STEEL CONNECTION BETWEEN NACELLE AND TOWER SLIGHTLY MODIFIED. 


SEPARATE OILSYSTEMS FOR CONTROL AND OTHER PURPOSES. 
:2 SMALL YAW - BRAKES IN STEAD OF 4 BIGGER ONES. 
A SMALL PARKING BRAKE ADDED ON THE MAIN SHAFT. 


SITE PREP., ROADS, TOWERS 

CONTROL AND INSTRUMENTATION 
ELECTR. EQUIPMENT INSIDE TOWERS 
ROTOR BLADES (EXCL. STAYS ON MILL A) 
TRANSDUCERS FOR MEASURMENTS 

SITE COSTS DURING ERECTION 

NACELLE CYLINDRICAL, NOT CONICAL 


NACELLE (EXCL. 
GENERATORS 
GRID CONNECTION 


GEARBOXES 
(MOST OF THESE MODIFICATIONS ALSO APPLICABLE TO NIBE B) 





REDESIGNED NIBE A CONCEPT 


2. 
3. 
4. 
5. 
7. 





COST BREAK - DOWN OF TWO NIBE TURBINES 


(1978 PRICE LEVEL, VAT INCLUDED) 


3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 


ITEM 2 x ITEM 1 MINUS 15% 
ITEM 3 x ITEM 2 MINUS 20% 
ITEM ü x ITEM 3 MINUS 20$ 
ITEM 5 ^ ITEM 3 MINUS 25$ 





12.400 kr /kW .200 $/kW 


10.540 kr /kW .870 S/kW 
8.430 kr/kW .500 S/kW 
6.740 kr/kW .200 $/kW 


6.320 kr /kW 


5,63 d.kr.) 
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ESTIMATE OF BREAK-EVEN PRICES. 





WIND PLANT COST + WORKS COSTS CAPITALIZED = 
CONV. PLANT COST + FUEL SAVINGS CAPITALIZED 


A *a*E*N =K-e+b-E-N 


L b 





ABBRIVIATIONS STATED IN TABLE A-1 


BREAK-EVEN WECS PLANT COST: 


A, = 4.500 kr/kW ^. 800 $/kW 


(RANGE OF BREAK-EVEN COST: 3.000 - 6.000 kr/kW) 


BREAK-EVEN COST OF ENERGY: 


A 
HE +a 0.19 + 0.02 = 0,21 kc/kWh У 3.7 c/kWh. 
a 


WITHOUT REAL TERM INEREASE IN FUEL PRICES: 


PLANT COST = 3.050 kr /kW ~ 542 $/kW 
ENERGY COST = 0.15 kr/kW ^ 2.7 c/kWh 


29 с 





APPENDIX A 





Estimate of the Break Even Price for Wind Energy Conversion Systems 





The break even price for a wind energy conversion system is here defined as the 
plant cost at which the present worth of the lifetime costs the system are equal to 
the present worth of the savings obtained during the same period. (The break 
even price therefore does not include an; estimated value of possible advan.ages 
with regard to balance of payments, employment, supply realiability, environment 
etc. or disadvantages arising from higher investmenst ала environmental impacts). 


The lifetime costs consist of the piant costs and the operating costs. The savings 
consist of fuel savings in the conventinal units and in the reduced demand °r 
expansion of the conventional power stations. (As the wind turbines will cause 
more frequent changes of power output in the conventional power stations it is 
anticipated that nothing can be saved on the operating costs in spite of the 
reduced production. The transmission losses of the high voltage system would be 
reduced if the wind turbines primarily are located near the centers of consump- 
tion. However since this location strategy cannot be applied to any appreciable 
extent it is deemed reasonable not to anticipate any changes in the transmission 


losses). 


With the abbreviations stated in table A-1 the break even relationship may be 


expressed as 


From the reference values of «he table the break even price is calculated 


А, + 0.02 - 2000 + 11,7 = 0.14 + 2000 * 17.0 + 2400 ° 
А, = -470 + 4760 + 240 = 4500 kr/kW 


The rate of increase of fuel prices in real terms is in this calculation assumed to 
be 3.6 % p.a. corresponding to the "expected" development in the Energy Pian 81 
(ref. 133). If the "moderate" (2.0 %) and "heavy" (5.6 %) average rates of in- 
creases of fuel prices in the Energy Plan 81 are used insteed, the break even 


prices come out at 3,800 kr/kW and 5,600 kr/kW respectively. 


, 
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Apart from the considerable uncertainty in estimating the fuel price development 
over the next 20 to 30 years there is also much uncertainty associated with esti- 
mating most of the other parameters. This applies to operating life, the annual 
wind power production, the rate of interest in real terms and the fuel savings in 
the first year. Finally operating costs for the wind energy conversion systems are 
subject to very considerable uncertainty factor, while the expression K · e, al- 


though quite uncertain, is of minor importance. 


In tig. A-1 to A-3 the break even price is shown as a function of the most essen- 
tial parameters. From the figures the most probable range for the break even 
price is estimated to be 3,000-7,000 kroner/kW. 


TABLE A-1. Reference values for calculation of the break even price 
for wind energy conversion systems. 





Parameter Unit Reference Value (1980 Leve!) 





Break even price fcr wind kr /kW 





Operating costs for wind kr /kWh 0.02 (estimate) 


energy conversion systems 





— 


The eneray product’ kWh / kW 2000 (estimated for "Nibe 
the wind energy c turbine" at typical location) 


system in average 





Present value of annuity of 1 11.7 (25 years, 7 % interest 


(working expenses parameters) rate in real terms) 








C.14 (9000 kJ/kWh, 80 $ coal 
of 13 kr/GJ and 20 $ oil of 
the savings are determined as 15 кг/С) (р: ісе level Oct. 
2160 kcal/kWh = 9000 kJ/kWh at 1980) ) 

10 $ energy share) 


Fuel savings because of wind kr/kWh 
power production (in ref. 138 





Present value of annuity of 1 17.0 (25 years, 7 % interest 


(in the case of fuel where an 
annual increase of the price 
in real terms is assumed 


rate in real terms, 3.6 % 
rate of increase of fuel pri- 
ces in real terms (ref. 133) 





Plant costs for conventional 2400 
power stations 





The power value of the wind 0.1 (ref. 137, applying at 


nergy conversion system 10 $ energy share) 
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Fig. A-1. The break even price (kr/kW) 
as a function of the interest rete in real 
terms and the increase in real prices for 
fuel (dotted lines represent the referen- 
ce values). Other parameter values as in 
table A-1. 


Fig. A-2. Тһе break even price as а 
function of the annual energy produc- 
tion of the wind energy conversion 
system and its operating life (dotted 
lines represent reference values). 


Other parameter values as in table A-1. 


Fig. А-3. The break even price (kr/kW) 
as a function of fuel savings in the first 
year and operating costs for the wind 
energy conversion system (dotted lines 
represent reference values). Other para- 
meter values as in table A-1. 
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REFERENCE CHARACTERIZATION OF 
CONVERSION AND PRODUCTION TECHNOLCGIES 





1. ORGANISATIONAL DATA 11-17 
09-11 
1.1 Serial No.: 1.4 Date: 81-07-17 


1.2 Assessor: C.J. Christensen 1.5 Phone No.: DK452-371212 
1.3 Location: Risø, Roskilde, Denmark ext. 4717 





2. SYSTEM DATA 


2.1 Generic Technology Area: Wind Electricity, Central (33) 


2.2 System Description: Nibe - A Wind Turbine with 630 KW 
Induction Generator coupled 
to Utility Grid only. 


Site Location: 








10% Probability 
of Being 





Less Greater 





TECHNICAL SATA Than Than 





Design Capacity 630 KW 
First Commercial Service Year (1981) 


Energy Inputs per year (Full (сай) 21400 





Wind energy flow through rotor 680 
year-to-year variation,this site 
| 
ff | T 
3.4 Energy Outputs per year (Full Load) 
Electricity produced 





P 





Year-to-year variability 





site variability 





Maximum Annual Availability 
Capacity Factor 


Overall Efficiency /Full Load) 








Overall Efficiency (Average Load) 














X) 
(KWh/yr)/(8760 hr/yr), i.e. average capacity 
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%- % 
20 
unit Mecian 105 Probability 
Value of Being 
Less iGreater 
Than {Than 
sign and Licensing Time years 1 0.5 2 
instruction Tim^ years 2 0.5 2 
IST DATA (in 1980 Prices) ° ° i 
nstruction Cost 
reakdown of Cost, Ф УКИ 1170 900 1800 
ее Attachment 
ner's Cost - - - - 
terest During Construction $/kW 110 70 15^ 
commissioning Cost $/kW 230 30 san 
iscounted Decommissicning Cost $/kW 70 10 150 
tal Capital Cost (4.1+4.2+4.3+4.4.1) $/kW 1350 1000 2000 
conomic Lifetime yrs 25 5 30 
nnualized Capital Cost B/kW/yr 105 78 156 
xed O&M Cost B/kW/yt 20 20 90 
riable O&M Cost - - - - 
id Connection Cost $/ kW 25O 200 300 
D Cost M$ 6.2 4.2 12 
put Fuel Cost O 
f $/GJ 18 14 35 
tal Production Cost | |$/ kWh 0.97 0.05 0.13 
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5. ENVIRONMENTAL AND MATERIAL DATA 


5.1-Effluents 


Particulates 
5.2 Heat Release 
5.3 Freshwater Use 
5.4 Land Use 
5.5 Material Requirements 
5.5.1 Steel 
5.5.2 Copper 
5.5.3 Aluminium 


5.5.4 Concrete 


glassfibre 


Median 
Value 


| 10% Probability 
of 3eing 





Less 


' Than 


Greater 





Than 








polyester 

















5.6 Employed Persons 
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TECHNOLOGY IMPLEMENTATION 
Maximum Feasible Capacity 
1980 
1985 
1990 
1995 
2000 
2005 
2010 
2015 
2020 


Factors Limiting the 
Implementation 


Nibe-A is a prototype. Further 
development is needed. Serious 
start of implementation some- 

where between 1986-1995. 


The Danish utility grid cannot 
absorb more than about 2 GW 
design capacity because of the 


unavoidable regulation problems 


with changing wind speeds. 


This part is pure guess work. 
Presumably only a political 


decision to override real doubts 


about the economic feasibility 


will start the large development. 


Sites arg” possible to find, but 
actual siting will create 
problems (environmental). 


10$ Probability 
of Being 





Less Greater 





Than Than 
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Nibe-A, wind, Central - ATTACHMENT 


Wind electricity, Central. The Nibe-A turbine is coupled 
directly (and only) onto the utility grid. It is run by 


the utilities as a normal power station. 


Turbine characteristics. 


3-bladed upwind rotor, stayed construction. 

Stall regulated (and limited) at high winds. 
Cut-in speed 6.5 m/s. 

Cut-out speed 25 m/s (design. At present 18 m/s). 
Full power regime 14-25 m/s (550-630 kW?). 

Hub height 45 m. 

Electric induction generator 630 kW, 3x6 kV. 
Reactive effect — 200 kW. 

Transformer 6 kV + 20 kV onto 20 kV grid. 


Nibe, Jutland, Denmark. Site at broad fjord (5-15 km 
fetci over water SW-W-NW at coast). Very good site for 


Denmark, Average wind speed at 45 m height 7.5 m/s. 


The machine is a prototype. It ran for 1000 hrs during 
1980 and is presently out of service because of a 
service overhaul and modifications. It can be debated, 


whether the machine will be really commercial. 


The energy related characteristics are calculated on the 





basis of measurements on the Nibe-A turbine and on the 
"Windatlas for Denmark", /l/. Fig. 1 shc 's the measured 


power curve P(u) kW and the kinetic en?rgy current 


i 2 i 
E(u) = pu A through the rotor area А = 1257 m . Fig. 2 


shows the measured and the predicted (/1/) wind speed 


probability distribution functions. The power curves are 
idealised to straight lines. This approximation is quite 
good and suitable for the p-esent purpose yielding errors 


of the order of few $. The measured ve.ocity distribution, 


> ы % 








p(u), is only included to justify the subsequent use of PE too interesting fol 


only the windatlas prediction curves. 


3.1 Design capacity: 
Energy input per year (full load, average power, kW). 


Generator name plat 


Energy input?! 680 kW 


actual site, year-to-year variation (kW) 560 800 А 3.6 Capacity factor 
+ .6. 


site variation, average year 240 820 Average yearly out} 


í desiqn-dependent 
computed from Íyou[ Ap(u)du, p(u)du from /1/ 3 P 


computed from /1/ for bad site and good site 

winter 
(roughness classes 3 and 0, respectively). Good 

| summer 
Site as chosen has at least 10 km of sea in all 


directions. The bad site has many high hedges in the 


1 | | | 3.5. Maximum annual ava: 
landscape in all directions. 


Seen as statistica. 


Energy output per year (full load) any time upon requi 


not available: 


Energy output? 139 kW 
| b) | forced outage 
actual site, year-to-year kW 115 163 


| | ) lanned outage 
different sites, average year*' 47 162 " | 


low wind (no grid : 


from fp(u)P(u)du (/1/) 
| | | total availability 
statistics, 20 yrs of data from Ris@, Denmark 

£ / | (essentially clima 
trom /1/ for roughness classes 3 and 9 


, 


ively (see energy input). If some power is r 
total availability 
no grid connection 
» 10$ DC (63 kW) 
» 50$ DC (315 kW) 


> 550 kW 


Overall efficiency (full load) 19.5% 

18% 
Epor does not depend drastically on site or 
yearly variations in wind potential, is rather a 
characteristic for the macnine. 18-30$ indicates the 
range for technology improvenents.Nibe-B is already 
up at 24$ primarily due to a better gear box. Further 
improvements: better pitch regulation, wing desicn would 


be possible. 30$ not unrealistic. 


Overail efficiency (average loac, 





As wind mills are fuel free, a. low market penetration 
they should be run whenever possible. Average vs full 


load reflects lack of request for power, which is not 


25 


- Lase load plants, so [3.8]-[3.7] 


-e: 630 kW 


jut rate/design capacity*strongly 
(3.4/3.1). 

22% 

26% 

18% 


Llability. 


| chance, that production is available 


ost: 
5$ 2% 10% 
2% 1% 4% 
connection) 50% 45% 55% 
47% 42% 52% 


tic variability (this site)) 
equested and not just grid connection, 
changes as: 

47% 

40% 

26% 

14% 
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Cost data may be found in /2/. Table 1 summarizes all cost 





information in various units. First total cost in Danish 
currency (Dkr.). Next cost per installed kW (design capacity) 
in Dkr. Prices are in average 1980-value. Finally the costs 
per kW are translated into US-$ using the 1980-averaged 


exchange rate 5.63 Dkr./$. VAT is not included. 


Break down of prices in construction costs end owners cost 
is not available. Тһе stated costs are as paid to sub- 


contractors. ii table 1 the real costs are used. 


it has been studied, what kind of price reductions could 
be obtained in the future. Folloving reduction factors 


are estimated: 


Simplifications х0.85 
Mass production  x0.80 


Larger rotor x0.75 


Thus a total reduction of 50$ seems feasible. This has been 


taken into account in the characterization sheets. 


Interest during construction 7 2 yr. ^ 12%. This can be 
reduced considerably because of both cheaper and faster 


construction in the future. 
Decommissioning cost is pure guesswork. 


Annualized capital cost assumes 6% real rent. Thus cost 


is 7.8% of cap. investment. 


These are strongly irterconnected. The economic lifetime 
of 25 yrs. is the official goal (wishful thinking). If 

one allows exceedingly high O & M costs this is of course 
possible. As of now, no experience is available. A crude 
guess of 20 S/kW/yr. 


visits plus a major check each second year with few 


for O & M-costs includes weekly 
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repairs needed. My upper limit of 90 $/kW/yr. allows 
for exchange of the critical machinery (including rotor) 
in about 10 yrs. except for the extra cost due to piece- 


wise repair rather than new production of complete turbine. 


R & T costs. So far 4.2 MS has been used in connection 
with the design of the turbine plus some general siting 
studies and various theoretical model developments. As the 
present machine is an unfinished prototype, future machines 
will require further R & D costs. This is reflected in my 


guess of 6.2 M$, if no serious problems are met. 


Environmental data 





Land use. 104 т^ is a very arbitrary area. It is essentially 
roads and parking lot. The safety area is rather 1 km2, 

but this land can be used for agricultural or similar pur- 
poses, although people should not be living there. The 
power production capability is critically dependent on the 
roughness of the landscape out to “ 10 km distance. Woods 

or heavy urban development within that distance will cause 
lower production. Cf. e.g. numbers for energy output, site 
variability. A 459 sector around west of wooded area from 

~ 2-10 km distance will cut down production by ^ 20%. So 


the turbines in general require rather large open space. 


Materials requirements. All data are related to the design 


capacity and given in kg per installed kW. 
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NIBE-A wind turbine. 


Cost breakdown, 


Table 1. 
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COSTINGS AND ECONOMICAL ASSESSMENT 
OF A 3 MW WIND ENERGY CONVERTER 


by 


G. HuB / E. Hau 


Costs of the prototype 


Estimation for serial production 


Investable expenditure for operation as fuel saver 
in combination with conventional power plants 


Cost of electricity and pay back time of investment 


about system costs. 


The intention of this paper is to discuss the conditions on which a wind 
energv converter like GROWIAN of 3 MW connected to a utility grid will 


be brought into economic operation. 


For this purpose the so-called "investab!e expenditure" consisting of 
the saving of fuel costs and investment cf the reduced demand for 
expansion of conventional power will be calculated and discussed using 
a method from Hamburgische Electricitatswerke AG (НЕМ). 


On the basis of the first prototype costs the extrapolation of the 
investment for a series of 10 and 100 units according to the "Learning 
Curve" will be carried out and their respective profitability will be 


determined. 


2. COSTS OF THE PROTOTYPE 


The calculation of the costs for the first prototype delivers about 
22.5 Mill DM corresponding to 7.500 DM/kW of specific investment. 
These are the net production costs derived from GROWIAN being in 


construction. 


The cost break down of GROWIAN in its actual design is shown in 
figure 1. It is obvious that about 30 per cent relate to the rotor 
system as well as for the nacelle including drive trair. and electrical 


equipment. 















Site 
Preparation 


Rotor System 





Assembly 











Tower 


Nacelle with 
Drive Train and 
Electrical Components 





First Prototype: 22.5 Mill. DM = 7500 DM/KW 


Fig. 1: Costs of a 3 MW wind turbine (GROWIAN) 





Table ;. Cost calculation according to ТЕА. 
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REFERENCE CHARACTERIZATION OF 


These high contributions to the overall system costs result from the 
experimental character of the prototype and will be reduced in а 


serial production version. The remaining amount is distributed to 
tower assembly, site preparation and others. 


3. ESTIMATION FOR SERIAL PRODUCTION 


To point out the aspects of economic operation of wind energy plants 


an estimation of costs for a serial production was carried out. 
Two cases were considered: 


1) a small series of 10 units and 


2) a large number of serial production of 10 units per year, 


that means a 100th unit within ten years 


For the small series a slightly improved design with simplifications 
in construction, machinery and rotor systen is assumed. 


The large serial production provides improved and rationalised manu- 
facturing processes with special jigs and tools. 


To estimate the cost reduction a "Learning Curve" was used (fig. 2). 
The curve is based on experiences with production of MAN-cranes. A 
learning curve published by GENERAL ELECTRIC predicts a more optimistic 


view. For the serial production unit an essentially simplified design 
was anticipated compared with the prototype. 
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Units / 10 years 


-Small Series (10 Units) 


Unit cost: approx. 15,8 Mill. DM 2 5270 DM/kW 
(30 76 reduction) 


-Large Number of Production 


Cost of the 100th unit: 12,4 Mill. DM 24130 DM/kW 
(45 % reduction) 


Fig. 2: "Learning Curve" for serial producticn of large 





wind energy plants 


of the order of few %. The measured ve.ocity distribution, i 


4. INVESTABLE EXPENDITURE FOR OPERATION AS FUEL SAVER IN COMBINATION 
WITH CONVENTIONAL POWER PLANTS 


The economical situation for the use of large wind energy plants as 
fuel saver coupled with conventional power plants was analysed for 


two cases: 
- WEC's connected to a large grid fed by coai fired power plants 


- WEC's operating parallel to Diesel power stations 


The assumptions for fuel prices, specific investment (DM/k4), full 


laod operation etc. are included in Tab. 1. 


According to a method of costings of Dr. Timm /1/ the investable 
expenditure was calculated. For the case of operation competitive 
with coal-fired power plants a small credit due to replaced capacity 


was considered (Fig. 3 and Fig. 4). 


5. COST OF ELECTRICITY AND PAY BACK TIME OF INVESTMENT 


From the boundary capital investment cost result "boundary eiectricity 


costs" of 


- 0.23 DM/kWh compared to coal-fired power stations 


- 0.34 DM/kWh compared to diesel power stations 


over the operating period of 20 years. 


The diagrams (Fig. 5 and 6) show that for connection to large grids and 
with plant costs achievable for lots of 10 the break-even point would 

be reached. On а strictly arithmetical basis there would even be a small 
profit. From the business man's point of view, however, the plant would 
only be profitable if it could be manufactured in larger series (amorti- 


zation period for the additional costs of the WEC) approx. 5-10 years. 


Іп conjunction with diesel power stations there 15 а much more favorable 
picture. Even the first prototype (without development costs) reached 
the break-even point. A plant built in lots of 10 is already amort i zed 


after about 6 years and so even today can be operated economically. 


By assessing these results it should be taken into account that the 
assumption for the "fuel price escalation" is based on the experiences 
of the last five years. The recent trends in costs for fuel prices 
especially for oil, however, question these escalation rates for future 


assessments. 


M. Tim 


Wirtschaftliche Windenergienutzung im Verbund mit herkömmlichen 


Kraftwerken 


Paper presented at the Seminar Windenergie of KFA, Julich,West-Germany 


October 1978 


F. Nissen 
Bestimmung der notwendigen installierten Leistung 


Flektrizitatswirtschaft Heft 20, September 1970 


Different documerts about the development of the Large Wind Energy 
Plant GROWIAN (documents of MAN) 











- Actual spec. fuel cos 
(in competition to a 3 
heat power station) 


- Fuel escalation rate 


- Spec. investment of 
300 MW heat power 5 


- Rate of wind power г 
to standard deviatior 


- Hours of full load 
(incl. 90 % technical 


availability) 
- Lifetime of plant 


- Rate of interest 


— 





- Spec. expendable im 
due fo fuel savings 


- Spec. expendable inv 
due fo replaced cap 





Tab. 1: Assumptions for costinc 





diesel produced electri 
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fue] escalation - %/а 


7.5 A 


hours of full load - h/a 
4002 





Cool Diesel 





`$ 0,09 DM/kWh| 015 DM/kWh 
00 MW 








75% pa. | 757e p.a. 
1700 DM/kW — 


esp. 5% - 


L 








.1/ 3500 
3000 








\ g 19000 8000 6000 4000 


Investment expenditure 


3600 h/a 3600 h/a 





rated wind power 


20 yrs 20 yrs тс: СЕ ата 
10 % 10 % 








— 


'estment | 5100 DM/ kWh | 8550 DM/KWh 


connection to large 


estment | 660 DM/ kWh — | utility grids 
icity 





| 





А. L 








specific fuel costs - DM/kh 


Fig. 3: Investable exoenditure due to fuel saving /1/ 


hours of full load - h/a 


3500 
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Total | 5760 DM/kWh|8550 DM/kWh | 


investment expenditure - D4/kN 
(replaced capacity) 


|5 of investable expenditure for coal and 


city 
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2000 3000 4000 


specific investment - DM/kW 


Fig. 4: Investable expenditure due to replaced capacity /1/ 


17.2 Limit-Investment 


22.5 Prototype 





Investment 

15.8 10 Units 
(5270 DM/kM ) 
12.4 100th Unit 
(413C DM/kM ) 
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25.5 Limit-Investment 


Investment 

22.5 Prototype 
15.8 10 Units 
12.4 100th Unit 
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0.337 DM/kWh 
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2,5 % of investment 











break even 








Limit of electricity costs 


Maintenance and repairs: 
competitive to diesel-power-station 
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Fig. 6: Cost of electricity and profitableness of 3 MW wind energy converters 
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COSTS FOR SWEDISH WIND TURBINE SYSTEMS 
Per Olof Ekbom, Project Manager, Sydkraft AB 


Staffan Engström, Program Manager, National Swedish Board 
for Energy Source Development (NE) 


Viktor Mets, Project Manager, Swedish State Power Board 


ABSTRACT 


Costs are calculated for Swedish built large WECS hypothetical 
installed in numbers of 10 and 100. The calculations are 

made in accordance with the proposed IEA standard. The 
sensibility to changes in certain parameters is explored. 


] Studied types of WECS 





The two types of wind turbine systems studied in this 

paper are those developed in the wind energy program of 

the National Swedish Board for Energy Source Development. 

The units will be erected with the State Power Board (Vattenfa 
and Sydkraft utilities acting as operating agents for 

NE. 


The Karlskronavarvet WTS-3 unit holds a 78 m diameter 
teetering hub turbine on a 80 m steel shell tower. The 
generator (synchronous) is 3 MW. Blades are wound of glass 
fibre reinforced epoxy. Karlskronavarvet cooperates with 
Hamilton Standard, USA. The WTS-3 is ín most aspects identical 
with the WTS-4 being delivered to Medicine Bow, USA. The 
responsibility for future wind power activities within 

the Swedeyards group has been shifted from Karlskronavarvet 
to the newly formed company Swedeyards Windturbine Systems. 
The cost figures in the paper on future WTS-3 installations 
are given by Swedeyards Windturbine Systems. The WTS-3 
prototype at Maglarp іп Southern Sweden is expected to 
initiate operation in the mid of 1982. 
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ly 


11) 


The Kamewa wind turbine consists of a 75 m diameter stiff 
hub turbine on a 77 m concrete tower. The induction generator 
will be increased from 2,4 MW in the prototype machine 

to 3,0 MW in the serial production version. The blades 

are made of welded and bolted steel with leading and trailing 
edges of GRP. Kamewa cooperates with the ERNO company of 

the Federal republic of Germany. The Kamewa prototype is 

also expected to have its first rotation in mid 1982. 


2 Cost for wind turbine delivery 





Kamewa and Swedeyards Wind Turbine Systems have contributed 
with the cost projections for the wind turbine deliveries 


(1, 2). The scope of delivery is the same as for the prototype 


deliveries to NE, i.e. turn-key wind turbines including 
the local step-up (20kV) transformer. Also the technical 
specification is assumed to be the same (3), except for 
the "load-case 11", which stated that the prototype wind 


turbines must not collapse even if one turbine blade desintegrated 


in whole or in part. 


The cost figures of Swedeyards Wind Turbine Systems should 
read 10 or 100 units in one order, while the figures from 
Kamewa are for the 10th or 100th'unit. 





Table 1. Cost per wind turbine - turn key delivery. 
Money value of Fall 1981. 1 USD - 5,60 SEK 





Number installed 
10 





Swedeyards WTS 23,2 M SEK 20,2 M SEK 
Kamewa 23 18 





3 Owner's cost for the installation 





Separate calculations for the costs for the wind turbine 
owner besides the turn-key cost have been performed by 
Sydkraft and the State Power Board. Sydkraft investigated 

tne use of Swedeyard turbines while the State Power Board 
looked at installations with Kamewa turbines. In general 

the Sydkraft investigation also applies on the Kamewa turbine 
and vice versa. 


Sydkraft considered s.ting in the farmland of Southern 
Sweden. Thus farming and estetic viewpints made it necessary 
to calculate with underground 20 kV cables. The State Power 
Board foresaw siting on the island of Gotland, where ordinary 
overhead power lines were considered to be satisfactory. 

Both calculations assumes siting in groups of about 10 

units each. 


The Sydkraft calculation excluded the cost of the 130 kV 
transmission line necessary to connect the groups with 

the existing grid. In The State Power Board case the 70 kV 
line was included in the cost calculation. 


The contingency calculations reflects different opinions. 
In the Sydkraft calculation the 10$ contingency has been 
applied on the owner's cost and electrical connection 
only. Aecording to the policy of the State Power Board, 
a contingency of around 10% also should be added to the 
turn-key cost to cover possible cost over-runs due to 
the adaption of a new and unproven source of energy. 





Table 2. Cost per wind turbine - owner's cost, etc. 
Money value of Fall 1981. 1 USD - 5,60 SEK 





Sydkraft State Power 
Board 





Owner's cost (lend, roads, 
remote control, project 
management) 1,10 M SEK 1,70 M SEK 


Electrical connection 0,50 0,50 
Contingency 0.30 1,90 


Interest duripg 
construction 1,30 1,40 


TOTAL 3,3 M SEK 5,5 M SEK 


‘the Swedish utilities normally use either 4 or 10% rate 
of interest. In this case the 6% recommended by the IEA 
has been used. The 100 unit price is assumed. 





L Cost calculation according to IEA 





А cost calculation has been performed using the form recommended 
by the IEA, in the version adapted to wind power use by 
Jan Nitteberg, Table 3. | 


So far, the O&M cost is yet not based on real experience. 
The Sydkraft figure corresponds to 0,5% per year of the 
installed cost and the State Power Board figure corresponds 
to 2%. Sydkraft, however, could not include the cost of 


spare parts in their figure as no estimate has been available. 


Swedeyards WTS has given the figure of 1,5% per year for 
a 100 unit installation. 


When wind pcwer is introduced in a power grid, some extra 
installations will be needed and the way of running the 
existing power plants will be altered. The cost attributed 
to these changes has not been taken in consideration in 
the calculation. 


6 Variation of certain parameters, discussion 





The influence of the variation of certain parameters for 

the Kamewa-unit is shown in Diagram 1. The highest influence 
on the cost of energy is coupled ^o variation of energy 
production due to change of mean wind speed or availability. 
A decrease in economical lifetime detoriates economy fairly 
Soon, but an increase does not favour economy accordingly. 
The installed cost has a straight-line influence on energy 
cost. 


The choice of rate of interest (not shown in the diagram) 
has some influence on the energy cost. This influence 

is however somewhat illusory. The cost of the wind turbine 
system always should be considered in comparison with 

some other alternative, e.g. installation of a coal fired 
plant. The alternatives of course must be compared using 
the same rate of interest. Under these circumstances, 

all alternatives will be more expensíve when rates are 
high and less expensive when they are low. Capital intensive 
production methods however will suffer more from high 
rates of interest than do the fuel-cost intensive systems. 
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Table °. Cost calculation according to ТЕА. 48 
REFERENCE CHARACTERIZATION OF 
CONVERSION AND PRODUCTION TECHNOLOGIES 
Modified.for wind energy conversion systems..... 
ORCANISATIONAL DATA 
Serial No.: 1.4 Date: 
Assessor: 1.5 Phone No.: 
Location 
SYSTEM DATA 
Generic Technology Area: wind energy 
System Description: horizontal axis wind energy conversion system 
Site location: a) Maglarp, Malmóhus làn, Sweden 
b) Násuaden, Gotlands län, Sweden 
Mean vind speed at both locations calculated as 8,1 m/s at 100 m height, 


alfa = 4,0 - 4,3, beta = 2,03. 





























^ 1981 
COST DATA (in 2280 Prices) 


1 USD = 3,60 SEK 
Construction Cost, CC 


Owmer's cost 


Contingencies 


Grid connection cost 


Interest During Construction, IDC 
Decommissioning Cost, DC 
Discounted Decommiss. Cost, DDC 
Total Capital Cost, TCC 

Economic Lifetime, TE 

Annualized Capital Cost, ACC 


Чч =) Амт CNL 
Fixed O&M Cost, FOM \ 














Variable О&М Cost, VOM 























R&D Cost, RDC 


Bus bar production cost 


Total Production Cost, TPC 





2 years 


30 years 


1 202 $/kW 
65 $/kW 


18 $/kW 


30 3/kW 


1 392 уку 


25 уезгѕ 


108 $/kW,year 


6 $/kW,year 


4,3 c/kWh 


4,3 c/kWh 





1 071 $/kW 
101 $/kW 
113 $/kW 


30 $/kW 


83 $/kW 


1 398 $/kW 
25 years 


108 $/kW,year 


22 $/kW, year 


5,8 c/kVh 
5,9 c/kWh 








a) Swedeyards WTS/ b) Kamewa/State 
Sydkraft Power Board 
TECHNICAL DATA 
Design Capacity, PD 3 MM 3 MW 
First Commerciel Service Year 1982 1982 
Energy Inputs per year, EIN 
Energy Outputs per year 8,0 GWh 6,9 GWh 
(Full Load), EOUT 
| 
| 
Maximum Annual Availability, TA 95 2 95 2 
сізу Factor, СЕ 30 2 26 2 
Overa?l Efficiency (Full Load), CT 
Overall Efficiency 
(Average Load), CTA 
ч ? ( > 
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WIND ECONOMICS 





A. BACKGROUND 





Recently, it was recognized that references to the economics of wind energy 


systems was not always being made in a consistent manner. For some period of 


time, the wind program has been using a simple cost of energy calculation based 


on a fixed charge rate. Different fixed charge rates were used for different 


market sectors. This approach has provided a consistent basis upon which sys- 


tems of different sizes and uses could be compared. However, economic conditions 


have changed dramatically in recent years while the procedure, or more properly, 


the financial parameters used, have not been updated. Further, the details con- 


cerning the computational procedures and assumptions used in determining the 
fixed charge rates have been lost due to personnel turnover. Thus, the purpose 
of this initial effort is to reestablish the computational procedures for the 
fixed charge rate, determine the appropriate financial parameters and provide 
revised estimates of the fixed charge rates for each market sector. Further, 
documentation is to be provided for all aspects of the procedure and the finan- 
cial parameters (especially the source of each value) so that future review 


efforts will know preciseiy the source of each computation and number used. 


B. GENERAL ECONOMIC FRAMEWORK 





The generally accepted approach to simplified economic analysis of systems, 


such as wind energy systems, takes the form: 





cost of energy (S/kWh) 
fixed charge rate 
installed capital cost (S) 


annual energy capture (kWh) 








There are numerous minor varia 
lar conditions. In particular 


frequently separated from the 


COE - 


where 


O&M = апп 


This form is used whenever exp 


wise, the FCR is incremented b 


Application-dependent fac 
example, for the residential a 
utility buy back rate must be 
applications, numerous factors 
as the match of diurnal and se 
ability of the generating equi 
match fluctuation in the wind, 
eral, the factors affecting ut 
represented in this simplified 


developed for such analysis. 


The final factor in the g 
factor must be correctly adjus 
tions in types of financing an 


market sectors will be address 


О individual ownershir 
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tions of this equation as needed to model particu- 
the annual operations and maintenance costs are 


capital costs to provide an equation of the form: 


FCR . CC + L - O&M (2) 





elizing factor 


ual cost of operations and maintenance 


licit estimates of the O&M costs are known. Other- 


y 1 to 27 to reflect O&M costs. 


tors also impact the annual energy capture. For 
pplication of small systems, the load mismatch and 
considered (more about this later). For utility 
dictate the usability of the eaergy captured, such 
asonal wind patterns to the electrical load, the 
pment mix to throttle efficiently and quickly to 
the ability to forecast the winds, etc. In gen- 
ility use of wind energy are too complex to be 


approach and much more precise models are being 


eneral equation is the fixed charge rate. This 
ted for each market sector to reflect the varia- 


id tax structure. For this initial effort, three 


ed: 


| for residential use 


Еч 


agricultural applications 


investor-owned utility applications 


Procedures and financial parameters for computation of the fixed charge rate 


will be presented for each of these three market sectors. 


C. AVAILABLE MODELS 





Extensive work has been performed to develop economic models for numerous 
technical areas and applications. Without duplicating these efforts, a quick 
survey of available models was performed to determine their appropriateness to 
wind systems and the three applications areas. Specifically, models developed 
for or by JPL, ЕРКІ, MITRE and Lawrence Livermore Laboratories (LLL) меге re- 
viewed. Each of these models yield approximately the same results for a given 
set of financial parameters. However, the JPL, EPRI, and MITRE models are all 
based on the same assumption that the system or economic life is the same as 
the loan period. While tnis assumption may be valid for utilities, it creates 
a distortion for the residential and agricultural markets. The principal ad- 
vantage of the LLL model is that it provides for three separate time periods: 
system life; loan period; and depreciation period. For this reason, the LLL 
model is proposed for use in the simplified economic analysis of wind energy 


Systems. 


D. THE LLL MODEL 





The LLL model was developed by W. C. Dickinson and K. C. Brown for use in 
analyzing solar industrial process heat systems. As such, it is directly appli- 
cable to wind systems although not all aspects of their analysis will be used. 
The procedure used is to develop an expression for the annual required revenue 
for the solar systems as a fraction of the installed cost. This fraction is 


the fixed charge rate. 


UMA/WO - А321214329|3 40 3502 
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The annual required revenue is the total amount of revenue that must be 
set aside each year to cover the cost of the wind system. This amount must 
cover the return on the equity portion of the investment, principal and iater- 
est on the debt portion of the investment, state, and Federal taxes, property 
taxes, insurance premium, and operating and maintenance costs. The analysis is 
made in terms of current dollars; that is, all cash inflows and outflows are 
expressed in dollars of the year of their occurrence. Hence, the effect of in- 
flation is incorporated in the analysis. The principal reason for using cur- 
rent dollars is that it allows the use of market values in expressing rates of 
return on equity, as well as loan interest rates. These values include the ef- 
fect of a predicted rate of inflation. Market values are normally used in the 


business world. 


The actual annual costs and corresponding required revenues for a wind 
system will vary from year to year. It is more convenient to use a "levelizing" 
(or "annualizying") technique to express the annual required revenue as an equi- 
valent constant value to be paid in current dollars at the end of each operating 
year. The levelized revenue, which is equivalent to a series of unequal annual 
revenues, is calculated by multiplying the required revenue for each year by 
the appropriate present value factor and summing the present values. The sum is 
then converted to a levelized revenue requirement by multiplying by the capital 
recovery factor for the market discount rate (rate of return) over the period of 


the economic analysis. 


The expression for the levelized required revenue, C, for a wind energy sys- 


tem can be obtained from the relationship: 
C expenses + loan repayment + equity repayment 
+ t (C - expenses - depreciation - loan interest) 


- investment tax credit 


UMX/kG - (3131432313 30 3502 


This relationship ignores any net salvage value at the end of the system life, 
which would be small іп terms of its present value, and major component replace- 
ment costs which are not planned for wind systems. Solving the above relation- 
stip for C yields: 
C expenses + 1l [loan repayment + equity repayment - 
"кь ; loan interest) - investment tax credit] 
Each descriptive term represents the levelized value of the quantity in current 


dollars. Using the nomenclature given in Table 1, the expression for each term 


as a fraction of the initial system investment is: 


expenses CRF(R,N) . OMPIg 
CRF(R',N) 





where 1 + g 1 or R' = R-g 
l +R 1 + R' 1 + g 





loan repayment f - CRF(r,LP) . CRF(R,N) 
CRF(R,LP) 





equity repayment (1 - f) . CRF(R,N) 


depreciation (DEP) 2 CRF(R,N) [DP - 1 ] for sum-of-year- 
DP(DP + 1)R | CRF(R,DP)] digits 








CRF(R,N) for straight line 
DP - CRF(R,DP) 





loan interest f - CRF(R,N) [CRF(r,LP) - CRF(r,LP) -r | 
[CRF(R,LP) (1 + r)CRF(R",LP)] 











investment tax credit 
l +R 


Substituting these expressions for their descriptive terms in the above relation- 


ship and rearranging for simplicity yields the following: 


r 
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TABLE 1 


DEFINITION OF TERMINOLOGY 








SYMBOL DEFINITION E 
t Composite income tax rate (2) 
R After-tax market rate of return on equity (Z) 
N System lifetime (years) 

OMPIg Average annual expenses (in zero-year $) as e 

faction of initial investment (7) 
g Inflation rate (7) 
f Fraction of initial investment financed by lc 
r Loan interest rate (2) 
LP Loan period (years) 
DP Depreciation period (years) 
TC Investment tax credits (2) 
СЕЕ(і,п) Capital recovery factor for rate i and period 


Computed by 


i 





l- (1 + i)” 
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ап 


CRF(R,N) . ОМРІ + CRF(R,N) [(1 - f) + f(1 - t) CRF(r,LP) 
CRF(R',N) l-t CRF(R, LP) 











ft CRF(r,LP) -r - ТС . DEP] (3) 
l+r CRF(R",LP) 1 +R 





This expression for C, as a fraction of the installed cost, is the same as the 
fixed charge rate (FCR) used in the normal cost-of-energy formulation of equation 
(1). If any explicit value of the O&M cost is known for the zero-year, then the 
first term of equation (3) should be reduced to include only property tax and 
insurance, In this case, the basic relationship for COE would be equation (2) 
and the O&M levelizing factor would be CRF(R,N)/CRF(R',N). For example, with 


20% and g = 122, the levelizing factor L would be 2.457. 


l. Adaptation for Residential Application 





The LLL model reflects an economic analysis appropriate for a business-type 
of organization. With the appropriate parameter values, the model is applicable 
to investor-owned utilities and the agricultural sector which is treated as a 
business under the U.S. tax laws. However, for residential application, an in- 
dividual home owner is not permitted to deduct operating expenses nor depreciate 
the equipment. Also, a home owner is not allowed an investment tax credit but 
is provided a similar energy tax credit defined as 405 of the installed cost, 
with a maximum of $4,000. This type of limited tax credit cannot be represei -ed 
in the usual levelized required revenue computation and is handled separately. 
Allowing for these considerations, the general relationship for residential 


applications becomes: 


expenses + loan repayment + equity repayment - t - loan interest 


where each descriptive term is computed as before. The equation for levelized 


revenue requirements for the residential sector i5: 





C = CRF(R,N) > OMPI, + CRF(R,N) [on + f (1-0) > CRF(r,LP) 


CRF(R! ,N) CRF(R,LP) 





(4) 


° Bese ., CRF(r,LP) - r 
l+r CRF(R",LP) 


Correspondingly, the cost-of-energy equation must be modified as 





COE = ЕСЕ. (cc - ETC) 
E ° UF 
energy tax credit (402 of first $10,000) 


energy utilization factor 


The energy utilization factor compensates for the fact that the wind resource 
does not always match the owner's needs (i.e., load mismatch) and, if the 
utility will buy back the excess energy, it does not always pay full retail 


value. The energy utilization factor may be expressed as: 


DU + (1 - DU) ` BF 


fraction of energy captured that is directly used by home 
owner 
utility buyback factor; ratio of the buyback rate to the 


retail price of utility electricity 


For example, if a macnine captures 30,000 kWh/year of which the home owner 
directly uses 20,000 kWh, then 10,000 kWh is sold back to the utility. If the 


utility charges a retail rate of $.10/kWh but will pay only $.05/kWh, then the 


utilization factor would be: 


UF 20,000 + [1 - 20,000] 
30,000 [ 30,009] 








0.67 + (1- 0.67) ° 0.5 


It is the same as if the machine had generated only 25,000 kWh/year, all of 


which was directly usable. 


E. SENSITIVITY ANALYSIS 





Analyses were performed to determine the impact on the FCR due to changes 
in individual parameter values. The first step was to develop base cases for 
each of the appiication areas as shown in Table 2. For each parameter, a value 
was chosen that matches the historical trend for that market sector, sometimes 
modified by current economic conditions. The FCR for each application is shown 
as the bottom line of Table 2. These values are considerably higher than those 
that have been used in the past. By way of comparison, the Electric Power Re- 
search Institute has recommended a FCR of about 187 for investor-owned utilities 
as compared to our base case of 24.4%. For the agricultural and residential 
applications, the Federal Wind Energy Program has used 9% and 13%, respectively. 
The major difference between these values and those of Table 2 is a much shorter 


loan period and a higher interest rate. 


The results of the sensitivity analysis is presented graphically in Figures 
1, 2, and 3 for the three applications.  Tnese figures are variations of the 
traditional "spider diagrams"--the difference being in showing actual parameter 
scales rather than percentage changes. As can be seen, the dominant parameters 
(those that produce the most dramatic changes in the FCR) are different for each 


application. The dominant parameters for each sector are: 
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TABLE 2 


BASE CASES 








PARAMETER 


APPLICATION 





INVESTOR-OWNED 
UT ILITY 


AGRICULTURAL 


RESIDENTIAL 





Loan Fraction 

Tax Rate (%) 

Interest Rate (7) 

System Lifetime (YR) 

Loan Period (YR) 
Depreciation Period (YR) 
Operation & Maintenance (Z) 
Return on Equity (2) 
Inflation Rate (7) 

Property Tax 8 Insurance (2) 


Tax Credits 


0.5 


50 


11 


30 


30 


22 


2 


20 


10 


2 


10 


0.75 


20 


15 


0.75 


35 


16 
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FIGURE 3 
FIXED CHARGE RATE SENSITIVITY 


FOR RESIDENTIAL APPLICATION 
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Investor-OÜwned Utility: loan fraction, operation and maintenance, 





interest rate, loan period and depreciation period. 


Agricultural Application: interest rate, loan fraction, loan period 





and tax rate. 


Residential Application: operation and maintenance, interest rate and 





loan period. 


It should be noted that the parameter variations were established without 
any particular reference to their practicality. That is, loan interest rates of 


5% are not likely to occur іп the near future. 


l. Selected Observations 





Certain of the FCR curves for parameter variation deserve comment, First, 
changes in the system lifetime, N, produces a concave curve shape. Normally, 
the expectation is that a longer system lifetime leads to lower costs and, hence, 
a lower FCR. However, for each application the curve has a minimum in the 15-20 


¿ear system lifetime range. Іп an attempt to validate and understand this 


phenomena, we first look at the contributors to FCR as defined in the original 


formulation. These results are shown in Figure 4.  Fron this graph, it is 

evident that all contributors except the Expenses are nearly flat for 15 years 

or longer lifetimes. As such, the Expenses are the casue of the curve changing 
from a negative to positive slope. By going back to the original formulation, 

Che Expenses term is the only one influenced by inflation in our constant dollar 
approach. What we eppear to be seeing is the compounding effect of inflation on 
the Expenses, even in levelized terms. To validate this relationship, an analysis 
was performed using different inflation rates. Figure 5 shows tle results for an 


investor-owned utility. As is evident, for higher inflation rates the curvature 
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FIGURE 4 


COMPONENT CONTRIBUTIONS TO FCR AS A 
FUNCTION OF SYSTEM LIFETIME 


(AGRICULTURAL APPLICATION) 
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FIGURE 5 


EFFECT OF INFLATION ON FCR 
AND SYSTEM LIFETIME 


(INVESTOR-OWNED UTILITY) 
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JQ 
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is emphasized while for lower rates the curve becomes flat. Although there is 

a minimum in the 15-20 year interval, this does not mean that one would throw 
away the turbine after 15 years and buy a new one. It must be remembered that 
the cost of a replacement turbine would also be subject to inflation. The point 
to be made is that longer system lifetime does not automatically mean lower cost. 
The entire subject should be thoroughly analyzed, including the effect of reduced 


component costs with shorter lifetimes. 


Another interesting curve shape is found in the investor-owned utility figure 
which shows that the FCR increased with higher tax rates. Again this is counter- 
intuitive. The normal assumption with the U.S. tax laws, which tend to use taxes 
as a type of incentive, is that the higher tax rates gain additional leverage 
through greater deductions. Іп fact, the curves for both agricultural and resi- 
dential applications exhibit negative slopes with increasing tax rates. The cause 
of the positive slop for the investor-owned utility is found in the rate of change 
for each component. Since a business must pay taxes on revenue it earns to make 
the loan and equity repayment, their contribution increases as the tax rate in- 
creases. Corresponding the deductions allowed (depreciation, loan interest 
tax credits) also increase. However, the rate of increase for the positive 


tributors is greater than the increase for the negative contributors. If we 


change the loan fraction from 0.5 to 0.75, we find that the rate of change has 


been reversed, as shown in Figure 6. These findings would indicate an area of 
research to define the optimal financing strategy for a business interested in 


wind. 


RATE (PERCENT) 
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FIGURE 6 


ON FIXED CHARCE RATE 
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FIGURES OF MERIT 





A. BACKGROUND 





Various figures-of-merit (FOM) can be very useful in measuring the techno- 
logical status or maturity of wind energy systems. The obvious FOM, which is 
widely used by many technologies, is the cost of energy as a basis for сопрагі- 
son with other energy sources. Other FOMs have also been used by the U.S. wind 
program. They include: energy capture per unit of swept area as a measure of 
system efficiency; cost per unit weight as a measure of maturity with respect 
to system costs; and technical measures such as coefficient of performance, Cp. 
In the last few years, many new and improved machines have entered the market- 
place independently of any direct participation by the U.S. program. This re- 
search was undertaken to assess these newer machines and to investigate alterna- 


tive FOMs which might be useful indicators of technological status and maturity. 


B. APPROACH 





This phase of the research began by collecting information on wind turbines 
that are commercially available or under development. This information sought 
for each machine was: 

O Rotor diameter 

Swept area 

Hub height 

Weight on top of tower 
Weight above the foundation 
Rated power and wind speed 
Power at 20 uph (8.9 m/s) 


Mean Power Output at l4 mph (6.3 m/s) 
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о System Cost 

о Installed Cost 

о Annual energy capture ас 12 mph (5.4 m/s) 
° Annual energy capture at 14 mph (6.3 m/s) 


о Annual energy capture at 16 прһ (7.2 m/s) 


Information was collected from readily available sources without c 
any manufacturers. At present, the data base contains information on á 
but not all values are known for all machines. Future efforts will add 
problem of providing the missing data values as well as collecting info 


additional rachines. 


After the data base was initially established, some 47 different f 
merit were computed for each machine where the information was availabl 
all of the FOMs are necessarily meaningful and a few are redundant. Іп 
the cost of energy was computed for the appropriately sized machines in 
applications discussed under economic section. The foliowing paragraph 


the preliminary results for a few of these ҒОМ5. 


C. COST OF ENERGY 





The most widely used FOM is the cost of energy (COE), in this case 
as dollars or cents per kilowatt-hour. Figure 7 presents the COE for r 
agricutural, and investor-owned utility applications across generally e 
machine-size ranges. In computing these results, the fixed charge rate 
where those derived for the base cases in the previous section. The an 
capture assumes a site with an average wind speed of 14 mph (6.32 m/s). 
seen, there is no readily obvious pattern to the results. The smaller : 


are generally more costly which would tend to support the economy of sc. 
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However, many of these machines were built for stand-alone operation which in- 
creases cost and are not іп their optimum or intended use. Also, the data base 
contains a mixture of machines, sone commercial machines with considerable oper- 
ating experience and others are only experimental prototypes. Thus, further 
data classification and clarification is required before any conclusions are 


attenpted. 


D. COST-RELATED FOMs 





Various FOMs based on system cost are of interest as an indicator of the 
capital intensive nature of wind systems and as measures of product maturity. 
Figure 8 shows the cost per KW of mean power output (МРО). The cost used was 
for the turbine only--it includes the rotor and nacelle but excludes tower, in- 
stallation, synchronous inverter or other equipment. Тһе MPO was used as a 
means of normalizing across the various wind speeds and other criteria used in 


designing a wind turbine. The more familiar use of rated power, while useful 


with conventional generating equipment, can be very misleading with wind systems. 


There is no discernable pattern to these data other than the wide dispersion in 
the smaller machines which was discussed under the cost-of-energy. There are 


many missing data points at the high end of the size scale. 


Figures 9 and 10 show the cost per unit of swept area and the cost per unit 
wieght, respectively. System cost was used as previously. The weight used was 
also for the "top of the tower" for compatibility and to avoid distortion by 
heavy towers. As would be expected, the cost per unit of swept area appears to 
increases with system size, other than for the smaller machines. The cost per 


unit weight seems to be more random, however, both figures have considerable 


missing data. 
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E. EFFICIENCY-RELATED FOMs 
33/$ The efficiency of wind turbines can be measured by a number of measures 
+ Q = = u^ o ' other than the purely technical parameters such as coefficient of performance. 
| U d u | 
Two such candidates аге shown in Figure 11 and 12, the annual energy capture 
© 
713 | per unit of swept area and per unit of weight, respectively. Figure 11 uses 
m the energy capture at a l4 mph (6.3 m/s) average wind speed site. It shows a 
O -S x 
P | general increase in efficiency with increased size with а few off-trend data 
points. Much of this increase may result from the increased height of larger 
O -= x machines. An interesting experiment will be to analyze the same data assuming 
; CN 
| that all machines are at the same height. 
Figure 12 presents the energy capture per unit weight for 12, 14 and 16 rph 
(5.4, 6.3 and 7.2 m/s). While somewhat confusing with so many data points on 
4 one figure, the purpose was to examine the effect of wiud speed. Certain machines 
| һауе been designed for low ог high wind speeds. Ву assuming that all пасһіпев аге 
=O 
со 
| E UN performing at the same wind speed (as was done in many of these figures), some ma- 
| Ж 
-- — 
| _ А chines may be at a disadvantage. Indeed, the distance between the three symbols 
| ; cz 
E | E representing different wind speeds varies significantly. Іп other than site- 
чо ш 
| u^ m 
| - specific evaluation, the use of а constant average wind speed сап be misleading. 
x 
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These investigations are only in a preliminary stage with much work to be 
completed. More data must be collected and validaced. The use of more actual 
test results from operational machines would lend credibility and enhanced valid- 
ity to the work. Definitions needs to be tightened, especially with respect co 
costs. Additional figures-of-merit must be analyzed and correlations/cause-and- 
effects identified. If possible, trends with respect to system size, time or 
other parameters should be established. There are problems in getting certain 
information from some manufacturers who may not even offer a complete systen. 

On a more positive note, I feel that we have made an important beginning and I 


hope to be able to report additional progress in the future. 
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зешепб LS-WECS 
sting: TU Denmark, 18-19 November 1981 


stimating Wind Energy Costs 
ce to Machine Comparison and 
ies Production. 





oncerning wind energy that concerns both national 
electricity supply utilities is what are the fore- 
rating given amounts of electricity at particular 
hines of different designs. 


t arise in answering this question results from the 
opment of large scale wind turbine technology. The 
pon which a planning or supply authority might base 
| relatively few and the information upon which a 

n of costs might be based is for the most part not 


presents in outline а proposed basis for estimating 
ity generated by wind turbines,drawing particular 
„blem of referring to machine development across 

and to the need for an adequate assessment of the 
production. 


TA 


ifficulties in forecasting wind energy costs іп a 
yn the basis of currently available information. 
fied under the following headings: 


Inflation and escalation 
Scope 

Location dependence 

Unit cost. 


scalation 


currency values and real costs tend progressively 
alidity of data relating to machine development in 
untry when this is referred to another country. 
luctuations do not always reflect relative changes 
osts nor are variations in real costs uniform across 


industry. 


able information on the osts of a given project are 


as to the extent of suppiy which is covered by parti- 
nd whether allowance has been made for additions such 
arges during construction or commercial overheads and 


t & proper description of the scope of quotations of 
mation is of little value. Appropriate definitive 


descriptions are generally omitted, often for reasons of expediency 


such as limitations of space. 4. RECOMMENDED PRACTICE 


In order that the method of mass analysis can be adopted by planning or 

supply authorities who wish to arrive at meaningful, up to date comparisons 

of machine technology, it is desirable that designers are encouraged to 

quote detaila of the masses of the various components of wind turbine 

generator installations, together with the performance data that will 

enable these authorities to calculate both capital and energy costs. 

Adequate descriptions are also required of the maximum sizes and weights 

of individual components when they are being transported to site and of C. J. Christensen (Кіѕо, Denmark) 
lifting capacities required by erection plant. | | 


Location Dependence 





To a certain extent the influence of site location on individual 
machine costs can be taken into account if the scope of work covered 
by quoted costs is properly defined e.g. whether the construction 
of site approach roads has been allowed for. There are however other 
factors concerning which details are unlikely to be given, such as 
the standard of the approach roads required and assumed availability 
of materials and lifting plant, that can significantly effect the total 
cost of an installation. 

CONCLUSION 
REFERENCE CHARACTERISATION OF 


CONVERSION AND PRODUCTION TECHNOLOGIES 


Unit Cost 





Preliminary forecasting of the cost of wind energy using cost information 
quoted in terms of total cost per machine is made difficult by fluctuatons 
in currency and real values, the limited descriptions of what particular 
declared costs cover and the influence of local conditions and industri- 
alial infrastructure. The method of mass analysis enables a relevant 
forecast to be made of the cost of particular machines installed at given 
locations and similarly, given the relevant performance data, of the cost 
of energy. 


When costs relating to а i00th unit, for example, are quoted, the 
benefit of series production and a well advanced position along a 
learning curve have ostensibly been taken into account. The advantages 
of mass production in particular branches of industry can however 

vary considerably from one country to another and these should be 
considered in each case on their own merits. In some countries 
existing industrial infrastructure may readily support production 

line manufacture of nacelles or towers, for example, whereas in others 
the cost of establishing appropriate production facilities must be 
taken into account. 


It is therefore recommended that designers be encouraged to describe the 
installations they propose in sufficient detail to make comparative 
evaluations on the basis of mass analysis possible. 


MASS ANALYSIS 





The method proposed here of arriving at à meaningful comparison of costs 
is based on mass analysis of individual machine designs, together with 
relevant performance data. Through mass analysis a relevant assessment 
can be made of local construction and manufacturing costs or comparable 
costs of foreign supply plus shipping costs or a combination of both. 
Such assessments eliminate the difficulties of infletion and escalation, 
Scope and location dependence. Also, a particular planning or supply 
body is in the best position to include separate allowances for financial 
and commercial changes and site dependent costs. Through the adoption of 
relevent cost reduction factors allowing for the economies of mass produ- 
ction, the specific advantages offered in a given country by a particular 
sector of industry are properly taken into account. 


Using mass analysis and appropriate material + fabrication costs, the 

major components oí a particular design of machine can be priced suf- 
ficently accurately for the purposes of comparison with other machines. 
Items such as control equipment, transformers and switchgear can be treated 
separately. The cost of control equipment, for example, is relatively 

easy to assess with sufficient accuracy, considering the relatively small 
proportion it forms of total cost. Items of standard equipment, such as 
transformers and switchgear, similarly present no difficulty but will 

vary according to the requirements of individual utilities. 


At least one area of uncertainty is not eliminated by mass analysis: 

the costs of maintenance and repair. Economies in weight may be achieved 
by sophistication in system design which results in a reduction in 
reliability. Uncertainties of this nature exist however in comparisons 
between machines of different design, however the costs are stated or 


calculated. 





RECOMMENDED PROCEDURE FOR A 


DESCRIPTION OF COST OF ENERGY 


FROM WIND ENERGY CONVERSION SYSTEMS (WECS) 


Jan Nitteberg 


Introduction The STQ referred to here, with attached comments, is worked out Comments to the Standard Technology Questicnnaire (STQ) information in each section carries a code number which 








with special notes relevant to WECS and recommended practices be used for identification in a computerized data base. 


As a subtask the "Expert Group on Recommended Practices for for wind turbine testing. The different items with their 


Wind Turbine Testing" has initiated a group study on "Recommended definitions are equivalent to those applied in the Energy Ground Rules The new questionnaire resembles the one developed earlier in 





Procedure for a Description of Cost of Energy from WECS". Technology Systems Analysis Project. Data collected in the | the IEA Energy Systems Analysis Project which was used in the 


| 1 2 
two IEA projects should therefore be consistant and comparable. technology handbooks edited by Manthey’ l, 7 £ However, there 


The energy flows of interest for the technical and economic 
The recommended procedure is based on the IEA Energy Technclogy : data collected in the questionnaire are illustrated in the | are a number of improved elements which are commented on 


Systems Analysis project work on technology characterization. : following diagram: below. 
A systematic method of technical, economic and environmental 


. - . = * a ` ° ч 
characterization of a large number of technologies has here "ost of the саса entries ате Sub)Oct to somb uncortainty, 


> Outputs 














been performed. The work will also continue with updating and M particularly those relating to technologies not yet fully 





TM | | | | ommercialized. An understanding of this uncertain 1 
additional information collections in the near future. C ercialize n e Ë nce 1nty 1S 





necessary in any technology assessment. We have therefore 








PROCESS 


This Standard Method of Technology Characterization (SMTC) is provided for three data entries for each element which should 


| | | . ased O ubjective judgements: 
relatively simple and is agreed upon among experts of diverse be based upon subje e Juagements 
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ы жібі 31 


professions from roughly 15 IEA member countries. The SMTC makes 
it possible to compare different technologies in a consistent J'*- System Boundary | a) Where the true value has а 10% chance of being greater 
way. Adopting the SMTC for calculating the cost of extracting i l x | ама Ue NUN и, 
energy from the wind, will hopefully make it easier to communi- | | Where the value has a 10% chance of being less than 
cate with other people working in the energy business in j | Unless otherwise stated, energy inputs and energy outputs the value given, 

different countries. refer to net energy flows going through the boundary of the 


Where the true value is equally likely to be less than 


tem f ener carrier. | | 
EPOSON pev күре өс energy ы or greater than the value given (median value). 
The SMTC is built up around a Standard Technology Questionnaire 


(STQ) containing well defined technical, economical and environ- | Тһе system мау be а single wind turbine ог а group of turbines 
mental parameters. Together with the STC there is also қ forming г wind energy power plant. In both cases tne boundary of 
the system should be defined so that the total output is the 
A general description of the technological process and ч | net energy output to the transmission system. 


system. 


The questionnaire is broken into 4 sections: 
A list of comments to the data given in the STC. 


| 1) Organizational Data 
III A list of references. | | 2) System Data 
3) Technical Data 
The idea is that the inclusion of these three items should 4) Cost Data 
give sufficient information for the user to find out how the x 


data is derived and where it originally came from, 








Specific Comments to Data Elements 





1. ORGANIZATIONAL DATA 


1.1 Serial No. 





It may be practical to use a Serial No. which will identify the 
present cost estimate among others collected by the organization 


or company. 


1.2- 
1.5 These items are included for bibliographical purposes. 


Es SYSTEM DATA 


2.1 Generic Technology Area 





Specify category of wind turbine including purpose of energy 
conversicn. For instance: "Horizontal axis wind turbine for 
electricity production", "Vertical axis wind turbine for 


water pumping" etc. 


2.2 System Description 





Give a brief, but as comprehensive a description as possible, 
including the main components of the characterized system. 
Define in particular those sub-systems of the wind turbine which 
can be differently designed and therefore have an important 


impact on the calculation of efficiency and cost. 


2.3 Site Location 





Specify the location if relevant. 







TECHNICAL DATA 





5. 





3.1 Design Capacity PD (Multiple of kW of the main output) 









This is the nominal capacity or rated power appearing on the 






manufacturers name plate. 











For wind turbines or Wind Energy Conversion Systems (WECS) the 


capacity in most cases will be the generator capacity or the 











sum of generator capacities less the amount of enezyy ‘electri- 






City) used internally for control purposes. (Net епетру.) 







3.2 First Commercial Service Year 















If a technology is still іп the R&D phase, R&D projects either 





started or envisaged should be listed along with their time 





sequence. Technological problems in detail, which are supposed 






to be solved before fully commercializing the technology, should 







be described as additional information for verification of 


the time data. 







3.5 Energy Input Per Year, EIN (Multiple of Wh) 


— —P- MX V 















This will be the average annual energy in the air stream* passing 





through the total swept area of the WECS rotor(s). The quantity 






is not essential for calculating the cost of the energy produced, 


{ 






Since wind energy is free of charge. llowever, when comparing the 





efficiencies of different wind turbines with the intention of 







estimating the output of WECS, this quantity is useful. 








A general figure for any given WECS should be related to the 





average annual wind speed. The average annual energy in the 






air stream passing the swept area of “һе WECS is calculated from 





the Rayleigh wind speed probability distribution, corresponding 






to the given average annual wind speed. 














*Macroscopic energy related to the kinetic energy of the 
moving air. Internal molecular energy in the air is not 


— 
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accounted for. 





